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ABSTRACT 
Daily rainfall characteristics is important in the anticipation of natural hazard events, such as 
floods and landslides. In this study, daily rainfall data from the Global Precipitation Climatology 
Project One Degree Daily (GPCP1DD) dataset are used to analyze the rainfall frequency, intensity 
and extreme rainfall indicators over the Indonesian Maritime Continent. A threshold of 1 mm is 
used to define a wet day. The analysis is conducted over the whole domain and several sub 
domains. It is revealed that the rainfall patterns over Indonesia are shaped by the frequency 
distribution of rainfall intensity over different seasons. Heavy rainfall (greater than 15 mm/day) 
generally determines the rainfall peak season over a specific region. It is also shown that the land 
areas receive more frequent and more intense rainfall than the ocean areas. 
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1. Introduction 
 
Rainfall characteristics vary tremendously in space and time, perhaps nowhere more than in the 
Maritime Continent where rainfall is strongly influenced locally and regionally by geography and 
orography, temporally by key elements of the general circulation of the atmosphere, and by sea 
surface temperatures. These spatial and temporal variations of rainfall can be quantified by the 
time variations of the number of rainy days and mean daily rainfall intensity. Characteristics of 
rainfall frequency and rainfall intensity can change independently from changes in seasonal mean 
(Gershunov, 1998). Characteristics of rainfall intensity and rainfall frequency is much more 
informative than seasonal mean in anticipating the natural hazard events, such as floods and 
landslides.   
 
There are still relatively few studies globally focusing on the characteristics of daily rainfall, whether 
from observations or models, especially over the Maritime Continent. Trenberth et al. (2003), Sun 
et al. (2006), Behrangi et al. (2014), Herold et al. (2016), Ricko et al. (2016) and Pendergrass & Deser 
(2017) discuss the characteristics of daily rainfall on global scale. Kimoto et al. (2005) and 
Scoccimarro et al. (2015) study the projected changes in rainfall characteristics over Japan and 
Europe, respectively, under global warming condition. Becker et al. (2009) examines the 
characteristics of daily rainfall over the United States and Pendergrass & Hartmann (2014) describes 
the distribution of daily rainfall over the tropical region. Although Sun et al. (2006) examined region-
to-region differences of precipitation characteristics in observations and models, they did not 
specifically address the Maritime Continent in their analysis. 
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The Maritime Continent, a term first introduced by Ramage (1968), is a region that broadly 
straddles the equator between South East Asia and Australia. This area consists of more than 20,000 
islands surrounded by some of the warmest seas/oceans in the world and hence is one of the most 
dominant heat sources for the global atmospheric circulation. Ramage (1968) was the first to note 
its prime importance for world climate, an attribution later confirmed by Neale and Slingo (2003) 
in their experiments using a global circulation model (HadAM3). They pointed out that better 
simulation of climate over the Maritime Continent would improve the simulated climate conditions 
over many other parts of the world. 
 
Most studies of the Indonesian Maritime Continent climate (e.g. Hastenrath 1987; Kirono et al. 
1999; Haylock & McBride 2001; Aldrian & Susanto 2003) have used monthly data. This is due to the 
difficulty in obtaining good quality daily rainfall data. There have been limited studies on time-scales 
shorter than one month for this region. Hamada et al. (2002) used daily rainfall data from 46 
stations around Indonesia to study the rainy season onset and its connection to ENSO. They found 
highly significant correlations between rainfall amounts for stations in south-east Java and the 
Southern Oscillation Index (SOI). Qian (2008) used the NOAA/CPC Morphing Technique (CMORPH), 
a high-resolution precipitation dataset based on observations (Janowiak, Kousky, & Joyce, 2005), 
to show that there is a clear diurnal spatial distribution of precipitation in the Maritime Continent. 
 
In this paper, we investigate rainfall characteristics, i.e. rainfall amount, intensity and frequency, 
over the Maritime Continent using the Global Precipitation Climatology Project One-Degree Daily 
Precipitation Dataset (GPCC1D [Huffman et al. 2001]). We also perform an analysis on extreme 
indicators for rainfall which include the frequency and relative contribution of heavy rainfall, 
consecutive dry days, and maximum 5-day rainfall total. The structure of the paper is as follows. 
Section 2 describes the precipitation data. The results and discussion are presented in section 3. 
The paper ends with a conclusion in section 4. 
 
2. Data and Methods 
 
The lack of digitized observational data with sufficient reliability and continuity has often hindered 
climate analysis over the Indonesian Maritime Continent. The era of satellite-based measurements 
has eased this problem. This study uses the GPCP1DD dataset, which combines several data 
sources, including data from the GPCP Geostationary Satellite Precipitation Data Centre, the GPCP 
Merge Development Centre, and the GSFC (Goddard Space Flight Center) Satellite Research Team. 
The dataset provides daily, 1-degree gridded values of precipitation covering areas of the globe 
from October 1996 through to the present. Since the seasonal groupings used in this study are 
December-January-February (DJF), March-April-May (MAM), June-July-August (JJA), and 
September-October-November (SON), the data between 1 December 1996 and 30 November 2008 
are used. 
 
The rainfall frequency is defined here as the number of rainy days divided by the number of days in 
a specified season. There is no fixed definition for how much rainfall recorded in one day constitutes 
a rainy day (also called wet day). For his rainfall analysis over Tanzania, Jackson (1972) used a 
threshold defined by the East African Meteorological Department (EAMD) of a rainy day being a 
day with at least 0.25 mm of rainfall. Singh (1998) used a value of 2.5 mm or more for a rainy day 
over India as defined by the India Meteorological Department. In the UK, a rainy day is defined as 
a day with at least 0.3 mm of rainfall that corresponds to the imperial unit of 0.01 inch (Osborn et 
al., 2000). Chou et al. (2012) used 0.1 mm/day as the dry threshold for their study of global warming 
impact on rainfall frequency and intensity in the tropics. For Australia, Alexander & Arblaster (2009) 
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used a threshold value of 1 mm that was taken from Frich et al. (2002). Dai & Trenberth (2004), Sun 
et al. (2006),  Dai (2006), and Klein Tank et al. (2009) also used a threshold value of 1 mm for their 
precipitation analyses over the United States and worldwide, respectively. 
 
Since there is no specific reference found for the Indonesian region about the threshold value for 
defining a rainy day, this study follows the guidelines by the World Meteorological Organization 
(Klein Tank et al., 2009) in using 1 mm as the threshold for a rainy day. This value is in accordance 
with the recommendations from the "Expert Team on Climate Change Detection and 
Indices"(Nicholls & Murray, 1999; Peterson et al., 2001). Preliminary analysis shows that the 
contribution of rainfall with intensity below this threshold is only about 1% to the total observed 
rainfall amount over the Indonesian Maritime Continent in any one season (not shown). A day with 
rainfall below this threshold value is defined as dry day. Intense (heavy) rainfall in this study is 
defined as rainfall with intensity of at least 15 mm/day. The rainfall intensity is computed as the 
rainfall amount in a specified season divided by the number of rainy days in that season, and heavy 
rainfall intensity is the amount of heavy rainfall divided by the number of intense rainfall days. Any 
missing data are accounted for in the analysis, especially in calculating the number of consecutive 
dry days from the observation. 
 
3. Results and Discussion 
 
The results are divided into two categories: the seasonal variation and the extreme indicators of 
the daily rainfall. 
 
3.1 Seasonal Variation of Daily Rainfall 
 
3.1.1 Spatial Patterns 
 
Here, we examine the rainfall characteristics in terms of their spatial patterns and their regional 
averages. Figure 1 shows the observed seasonal average of rainfall amount (left column), rainfall 
frequency (middle column), and rainfall intensity (right column) over Indonesia. During DJF, rainfall 
amounts of more than 1000 mm are observed over more land areas than during any other season, 
especially over the areas south of the equator (see Figure 1a). It can be seen from this figure that 
the majority of landmasses in Indonesia have a peak rainy season in this period, except for Maluku 
and some parts of Sulawesi. These two areas receive rainfall amounts of about 500 mm or less, 
while other parts receive rainfall mostly above 600 mm in DJF. This pattern changes in MAM, 
particularly for the southern part of Indonesia. Java only receives rainfall of 600 mm or less and 
Nusa Tenggara (chains of islands from Bali to Timor) receives no more than 400 mm of rainfall 
during MAM (Figure 1d). The decreasing rainfall amount continues in JJA and most landmasses now 
have rainfall less than 600 mm (Figure 1g). Nusa Tenggara experiences the driest period of the year 
with a maximum of 100 mm of rainfall amount received during JJA. While other regions receive less 
rainfall during MAM and JJA, southern Maluku has more rainfall during these periods. The rainfall 
amounts over the land increase again in SON with more than 600 mm generally observed over 
Sumatra, Kalimantan, and New Guinea (Figure 1j). 
The observations show that all landmasses of Indonesia receive rainfall more than 60% of the time 
in DJF, and that the sea areas generally rain less often than that (Figure 1b). Some areas in the 
mountainous parts of Kalimantan and New Guinea get rainfall almost every day. Maluku and the 
northern part of Sulawesi, which have the least rainfall amount during DJF, actually rain more often 
than not. These areas receive more frequent rainfall during DJF and MAM than during JJA or SON. 
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In MAM, the rainfall over the southern parts of Indonesia becomes less frequent (Figure 1e). The 
trend of rainfall frequency is similar to that of the rainfall amount that becomes less towards JJA 
(Figure 1h). While the northern parts still rain more than 50% of the time during JJA, the southern 
parts mostly receive rainfall less than 40%. The frequency of rainfall of the whole area increases 
again in SON (Figure 1k). Unlike the rainfall amount, the change in rainfall frequency over time is 
much more uniform throughout the region, i.e. most frequent in DJF and least frequent in JJA. 
 
 
Figure 1. Seasonal mean of observed rainfall amount (left column), rainfall frequency (middle column), and 
rainfall intensity (right column) from the GPCP1DD dataset. 
 
The spatial pattern of observed rainfall intensity in DJF (Figure 1c) shows that the Maluku area and 
some part of northern Sulawesi have the lowest rainfall intensity (8 mm/day or less), while other 
areas of Indonesia have much higher rainfall intensity (10 mm/day or more). This low center is very 
similar to that of observed rainfall amount received over Maluku for the same season (Figure 1a). 
It seems that in DJF the rainfall intensity predominantly influences rainfall amount rather than the 
rainfall frequency, over this area. The rainfall intensity decreases over most areas during MAM, 
except for southern Maluku (Figure 1f). While other areas experience the smallest rainfall intensity 
(most of them are less than 12mm/day), southern Maluku has the largest rainfall intensity of 14 
mm/day during JJA (Figure 1i). However, the rainfall intensity over southern Maluku drops sharply 
to 8 mm/day or less in SON and that over other areas increases again (Figure 1l). 
 
3.1.2 Regional Averages 
 
It is well known that the two seasons in Indonesia, the rainy and dry seasons, mainly peak in DJF 
and in JJA, respectively, although there are some variations across the region (see Aldrian & 
Susanto, 2003; Hamada et al., 2002). MAM and SON are known as transition periods (Kirono et al., 
1999). During these periods, some regions close to the equator have their peak rainfall (Aldrian & 
Susanto, 2003). Figure 2 depicts the seasonal cycle of the regional averages of rainfall amount, 
rainfall intensity, and rainfall frequency over the domain between 90°E - 150°E and 10°S - 10°N. 
Shown are the averages for the whole domain, land only, ocean only, inner sea region, southern 
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Sumatra, Kalimantan, southern Maluku, New Guinea, and Java. Here, land refers to all the 
landmasses (in 1° x 1° grid boxes) inside the domain and ocean refers to the area which is not land. 
The inner sea region refers to all sea areas between the latitudes of 0° and 8°S and longitudes 106°E 
and 133°E. Only the southern part of Sumatra (6°S - 2°N and 99°E - 106°E) is included, because the 
rainfall characteristics over the Malaysian Peninsula are often out of phase with that of the 
southern Sumatra (see Figure 1). Although southern Maluku (5°S - 2°S and 124°E - 132°E) is a 
relatively small area, it is included the analysis because its rainfall characteristics differ from other 
regions in the Maritime Continent. 
 
The seasonal cycles of the overall average closely resemble the ocean cycles because the ocean 
covers a greater proportion of the area than the land. The amount and occurrence of rainfall over 
the land are much larger compared to that over the ocean, except in JJA. In DJF, MAM, and SON, 
the rainfall amount over the land is between 750 mm and 650 mm. It is around 150 mm greater 
than the amount over the ocean. The land receives rainfall about 60% of the time which is about 
15% more often than the ocean. In JJA, even though the rainfall amount over the land is slightly less 
than the ocean at around 500 mm, the rainfall frequency over the land (just below 50%) is still larger 
than over the ocean (just above 40%).  
 
While the seasonal cycles of rainfall amount, frequency, and intensity over the three biggest islands 
in the domain resemble those of the land with slightly larger magnitude, those over Java Island and 
southern Maluku are different. The rainfall characteristics over Java change sharply from season to 
season. At about 930 mm in DJF, the rainfall amount over Java is the largest in the domain analyzed 
here. It then drops to about 600 mm in MAM which is below the amount received at other land 
points. It reaches the lowest values of about 150 mm in JJA which is three or four times lower than 
over other land points. In SON, the rainfall amount over Java rises slightly, but it is still two or three 
times lower than that of the three biggest islands. The seasonal cycle of the rainfall frequency over 
Java is quite similar to that of the rainfall amount. In DJF the rainfall over Java occurs almost 80% 
of the time, but it is down to about 20% in JJA. 
 
The rainfall characteristics over the southern Maluku region are unique. Despite its rainfall 
frequency seasonal cycle is similar to that of the other land points, its rainfall amount seasonal cycle 
is out of phase with the others. The southern Maluku receives highest rainfall amount just over 600 
mm in JJA, although it rains the least frequent (below 50% of the time). In contrast to this, the 
rainfall frequency of about 70% of the time in DJF only yields less than 500 mm of rainfall over this 
region. 
 
The seasonal cycles of rainfall amount and frequency over the inner sea region also have a 
maximum in DJF, drops significantly in MAM, and reach the minimum in JJA. The rainfall amount 
over this area is similar to that of all ocean area in the domain in DJF and MAM, but is much lower 
in the other two seasons. The frequency of rainfall over the inner sea region is higher in DJF and 
MAM than over the ocean area in general. Similar to the rainfall amount, the rainfall frequency over 
the inner sea region is also lower. 
 
The mean intensity of rainfall over the land is lower than that over the ocean in general, especially 
in JJA (see Figure 2c). The rainfall intensity here is just the ratio of rainfall amount to the number of 
rainy days, sometimes referred to as a simple daily intensity index (Alexander & Arblaster, 2009; 
Frich et al., 2002) and not to be confused with the rain rate which defines the speed of a rain drop 
travelling through the air to the surface, see for example Schumacher & Houze Jr (2003) and Mori 
et al. (2004). However, if we look at the regional variations, the rainfall intensity over the inner sea 
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region is lower than that over the land. It could be inferred that the rainfall intensity over the open 
sea is much higher than over the inner sea region, which can also be seen from the right column of 
Figure 2c. Despite of that, some land points has higher rainfall intensity than the ocean area in 
particular seasons (southern Maluku in JJA, and southern Sumatra and Kalimantan in other 
seasons). 
 
 
Figure 2. Seasonal cycle of regional average values for a0 rainfall amount, b) rainfall frequency, and c) rainfall 
intensity from GPCP1DD dataset over the domain of 90E - 150E and 10S - 10N and sub domains. See text for 
details of each sub domain. 
 
3.2 Extreme Indicators of Daily Rainfall 
 
3.2.1 Spatial Patterns 
 
The indicators of extreme rainfall analyzed here are dry spell duration, heavy rainfall contribution 
to rainfall total, heavy rainfall frequency, and maximum 5-day rainfall total. Figure 3 shows the 
spatial patterns of observed heavy rainfall contribution to the rainfall total, heavy rain frequency, 
and maximum 5-day rainfall total over Indonesia. The spatial patterns for dry spell duration are not 
shown because they are very similar to that of the rainfall frequency (Figure 1, middle column). In 
DJF, heavy rainfall contributes up to 80% of the observed total rainfall amount received over the 
Indonesian region (Figure 3a). There is a clear pattern in that the lowest contribution of heavy 
rainfall to the total rainfall amount is in Maluku and some parts of northern Sulawesi where it is 
generally below 50%. The heavy rainfall contribution over Maluku increases in MAM (Figure 3d), 
reaches the maximum value of 80% during JJA (Figure 3g), and then drops back to 50% or less in 
SON (Figure 3j). The reverse trend is observed over other landmasses of Indonesia, except for over 
the northern part of Sulawesi where it is constantly low throughout the year. It is also interesting 
to note that the heavy rainfall contribution is generally higher over the sea than over the land. 
 
The middle column of Figure 3 shows the frequency of heavy rainfall from the observations 
(GPCP1DD). The occurrence of heavy rainfall over the Maritime Continent is no more than 35% of 
the time. The most frequent heavy rainfall is observed over southern Sumatra, most parts of Java 
and Kalimantan, the interior of New Guinea, and over the sea just off the southwest coast of 
Sulawesi during DJF (Figure 3b), and over central Kalimantan and mid-south of New Guinea during 
MAM (Figure 3e). The lowest occurrence (below 5%) is observed over southern Indonesia during 
JJA (Figure 3h) and over Nusa Tenggara and some parts of Maluku during SON (Figure 3k). In 
general, the heavy rainfall is more frequently observed over the land than over the ocean, except 
during JJA. 
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Figure 3. As in Figure 1, except for heavy rainfall contribution (left column), heavy rainfall frequency (middle 
column), and maximum 5-day rainfall total (right column). 
 
The maximum 5-day rainfall total over the Indonesian region is shown in the right column of Figure 
3. The observations show that the total rainfall amount received in a 5-day period is mostly below 
160 mm over the landmasses of Indonesia. This 5-day rainfall total can drop below 40 mm, which 
is observed over some part of Nusa Tenggara during JJA (Figure 3i). The temporal trend of these 
rainfall characteristics is similar to that of heavy rainfall contribution in that the spatial pattern over 
Maluku is out-of-phase with that over other parts of Indonesia. 
 
3.2.2 Regional Averages 
 
The seasonal cycles of these rainfall characteristics are shown in Figure 4. Similar to the rainfall 
amount, frequency, and intensity, the seasonal cycles of these four characteristics are more 
pronounced for rainfall over the land, especially over Java and southern Maluku, than over the 
ocean. Figure 4a shows that the longest dry spell duration, also known as consecutive dry days 
(Alexander & Arblaster, 2009; Frich et al., 2002), is in JJA (just below 24 days) over Java and in SON 
(about 20 days) over the inner sea region. In JJA, the maximum number of consecutive dry days 
over Java is almost twice that of other land points. However, the maximum consecutive dry days 
over all land points in DJF are similar and very short (between 4 and 8 days). 
 
For this study heavy rainfall has been defined above as rainfall with an intensity of 15 mm/day or 
more. It is evident that heavy rainfall contribution is very important, as more than 50% of rainfall 
amount received over Indonesia is from heavy rainfall (Figure 4b). This contribution comes from 
rainfall occurrence of no more than 28% of the time (Figure 4c). The contribution of heavy rainfall 
over the inner sea region is generally lower than that over the land (Figure 4b). Accordingly, the 
maximum 5-day rainfall total is also lower over the inner sea region than over the land (Figure 4d). 
Southern Maluku has distinct seasonal cycles that are out of phase with other land points for the 
heavy rainfall contribution, heavy rainfall frequency, and maximum 5-day rainfall total (Figures 4b, 
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c, and d). The peak of the heavy rainfall frequency in JJA over this region is not as prominent as the 
heavy rainfall contribution. This provides further evidence that over southern Maluku, rainfall 
intensity is more influential in determining the rainfall amount than rainfall frequency. 
 
 
Figure 4. As in Figure 2, except for a) consecutive dry days, b) heavy rainfall contribution, c) heavy rainfall 
frequency, and d) maximum 5-day rainfall total. 
 
3.3 Discussion 
 
Previous studies have identified the general patterns of rainfall over the Maritime Continent. 
Aldrian & Susanto (2003), for example, classified Indonesian rainfall into three climatological 
regions. They pointed out that the southern and central parts of Indonesia have a distinct rainfall 
peak in DJF, southern Maluku has a rainfall peak around June and July, and the rest of the 
Indonesian region has either a semi-annual cycle, or no clear distinction between rainy and dry 
seasons. However, their study used monthly rainfall data that cannot elucidate the important 
aspects of how rainfall changes, such as duration and intensity. In this study we have investigated 
further the nature of the Indonesian rainfall using the available daily rainfall data. 
 
We found that the pattern of rainfall amount received in one area usually follows the rainfall 
frequency pattern, i.e. the more often rainfall is received the higher the rainfall amount, similar to 
the findings of Dai et al. (2007) for their rainfall analysis over low and mid-latitude regions. But this 
does not apply over southern Maluku. This particular area has more frequent rain during DJF than 
during JJA, yet the average rainfall intensity is higher in JJA than that in DJF. The contribution of 
heavy rainfall towards the rainfall total and the maximum 5-day rainfall total over southern Maluku 
is also higher in JJA than in DJF, which is out-of-phase with observations over other parts of 
Indonesia. This is the reason why southern Maluku has peak rainfall (highest rainfall amount) in JJA, 
in contrast to many other parts of Indonesia that have peak rainfall in DJF, as mentioned by Hamada 
et al. (2002) and Aldrian & Susanto (2003). 
 
To identify further the relation between rainfall frequency and intensity and the rainfall amount 
over Indonesia, Figure 5 displays the scatter plots of rainfall frequency versus rainfall amount and 
rainfall intensity versus rainfall amount over various regions of Indonesia.  The corresponding 
Spearman rank correlation coefficients for DJF and JJA are also included. As can be seen from Figure 
5, the correlation coefficient between rainfall frequency and rainfall amount is higher than that 
between rainfall intensity and rainfall amount, except for southern Maluku. This figure also shows 
that over Java there are contrasting conditions between DJF and JJA. In DJF the island receives very 
high rainfall amount as a result of very frequent rainfall and reasonably high rainfall intensity, while 
the rare occurrence of rainfall with low intensity in JJA results in very low rainfall amount. Over 
three big islands of Sumatra, Kalimantan, and New Guinea, frequent rainfall with a fairly high 
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intensity is still observed in JJA. 
 
 
Figure 5. Scatter plots of observed seasonal rainfall frequency and rainfall intensity versus rainfall amount for 
DJF (black dots) and JJA (gray dots) over various regions of Indonesia, along with the corresponding Spearman 
rank correlation coefficient (r). 
 
4. Conclusion and Remarks 
 
This is the first study to analyze the daily rainfall characteristics over the Indonesian Maritime 
Continent. The study has elucidated some of the rainfall features identified in previous work. It has 
been revealed that the land generally receives more frequent rainfall and greater amount of rainfall 
than the ocean. It is also found that the rainfall amount pattern over the land closely resembles 
that of rainfall frequency, except over the Maluku region. The different rainfall peaks observed 
regionally in Indonesia appear to be the result of different frequency distributions of rainfall 
intensity. The occurrence of higher intensity rainfall (greater than 15 mm per day) determines the 
rainfall peak over specific regions. For example, Java and southern Maluku experience rainfall more 
frequently in DJF than in JJA, but the rainfall peak in the latter is in JJA due to greater rainfall 
intensity in JJA than in DJF. Other areas have a semi-annual rainfall peak or no distinction of rainy 
or dry seasons because the heavy rainfall occurs more often in more than one season or is not much 
different in all seasons. What causes the various differences in the frequency distribution of rainfall 
intensity is beyond the scope of the current paper. 
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